We have developed a strategy for the rapid enrichment and identification of cDNAs encoded by large genomic regions. The basis of this "direct selection" scheme is the hybridization of an entire library of cDNAs to an immobilized genomic clone. Nonspecific hybrids are eliminated and selected cDNAs are eluted. These molecules are then amplified and are either cloned or subjected to further selec-
tion/amplification cycles. This scheme was tested using a 550-kilobase yeast artificial chromosome clone that contains the EPO gene. Using this clone and a fetal kidney cDNA library, we have achieved a 1000-fold enrichment of EPO cDNAs in one cycle of enrichment. More significantly, we have further investigated one of the "anonymous" cDNAs that was selectively enriched. We confirmed that this cDNA was encoded by the yeast artificial chromosome. Its frequency in the starting library was 1 in 1 x 105 cDNAs and after selection comprised 2% ofthe selected library. DNA sequence analysis ofthis cDNA and of the yeast artificial chromosome clone revealed that this gene encodes the P2 subunit of the human guanine nucleotidebinding regulatory proteins. Restriction mapping and hybridization data position this gene (GNB2) to within 30-70 kilobases of the EPO gene. The selective isolation and mapping of GNB2 confirms the feasibility of this direct selection strategy and suggests that it will be useful for the rapid isolation of cDNAs, including disease-related genes, across extensive portions of the human genome.
One straightforward approach to detecting coding regions within a large genomic region would be the use of a purified yeast artificial chromosome (YAC) DNA (13) to directly screen a cDNA library. However, this approach is timeconsuming, labor-intensive, and only occasionally successful (14, 15) . Prior to screening with a YAC, the repeated sequence elements within it must be suppressed by some form of blocking (15) (16) (17) . This, coupled with the relatively high sequence complexity of the YAC, results in poor signal-tonoise ratios. Even when successful, this type of screen shows great variability, detecting only some of the true positives. In one study (15) , which echoes our experience, a 180-kb YAC containing the human aldose reductase gene was used to directly screen a cDNA library in which the target cDNA was moderately abundant (1 in 10,000 clones). Although this screen succeeded in detecting aldose reductase cDNAs, it only detected 'z10% ofthose detected by an aldose reductase cDNA probe.
In light of this we have developed a selection scheme for the enrichment of cDNAs that are encoded by large genomic regions. We reasoned that a library of these enriched cDNAs could be either directly analyzed for true positives or screened by hybridization with the YAC DNA, with a much higher certainty of success. In this report we describe the application ofthis direct selection scheme to the isolation and identification of cDNAs encoded by a 550-kb YAC from human chromosome 7. The rapid identification of coding sequences within large genomic regions would considerably accelerate the isolation of clinically significant genes and aid in the construction of a human gene map. Unfortunately, by current methodologies, the task of identifying coding sequences is significantly difficult when the region of interest is 20-40 kilobases (kb) and becomes almost intractable when the region is several hundred kilobases long. Several techniques have been employed to address this problem. These include the use of CpG islands (1-3) as potential sign posts for the ends of some transcription units, the use of "zoo" blots to detect crossspecies conservation of genomic sequences (4, 5) , and the hybridization of radiolabeled cDNAs to arrayed genomic clones (6, 7) . More recently, a number of schemes have been described that are based on the PCR (8) and are targeted at the selective amplification of cDNAs that contain human sequences from somatic cell hybrids (9) . Exon trapping is another recently described and technically sophisticated scheme that is also targeted at the capture of expressed sequences from fairly large genomic regions (10, 11) . Unfortunately, many of these schemes are time consuming and technically complex and in some cases also suffer from being low in sensitivity (for a review, see ref. 12).
MATERIALS AND METHODS
Preparation of YAC DNAs. Yeast chromosomes were prepared and electrophoresed on a contour-clamped homogeneous electric field gel (18) . The EPO YAC (550 kb) was excised and the DNA was digested in situ with Mbo I prior to extraction using Geneclean II (Bio 101, La Jolla, CA). Approximately 100 ng of YAC DNA was incubated in 0.5 M NaOH for 10 min at room temperature and neutralized with 1 M Tris HCI (pH 7.5), and SSC was added to Sx (20x SSC is 3 M NaCl/0.3 M sodium citrate, pH 7.0). The DNA was applied to a GeneScreen filter (DuPont) in a dot-blot apparatus. The filter was washed with 1Ox SSC, UV-crosslinked, baked for 1 hr at 800C, and prehybridized (19 (19) containing cDNA at 1 ,ug/ml and -100 ng of genomic DNA on the filter (2 x 108 molecules for a 500-kb YAC). Post-hybridization washes were lx SSC/0.1% SDS for 30 min at room temperature, 0.1 x SSC/0.1% SDS for 30 min at room temperature, and 0.1x SSC/0.1% SDS, four changes of solution for a total of 6 hr at 65°C. The bound cDNAs were eluted from the filter in 50,ul of 50 mM NaOH for 15 min at room temperature. The solution was neutralized with an equal volume of 1 M Tris-HCl (pH 7.5) and was applied to a Sephadex G-50 spun column. Samples ofthis DNA were used directly in a PCR.
Amplification of the Eluted cDNAs. PCRs were conducted with the 1OF and 1OR primers used for initial amplification. In other cases we have used primer sets that were nested within the ends of the synthetic linkers. The eluted material (10 ,l) was used in a 100-,ul PCR mixture.
PCRs and Primers. All primers were synthesized in an ABI model 380B DNA synthesizer. The DNA sequences of the various primers were as follows: 1OR vector primer for AgtlO, GAGTATTTCTTCCAGGGTA; 10F, GCAAGT-TCAGCCTGGTTAAG; T3 ZAPII primer, ATTAACCCT-CACTAAAG; T7, AATACGACTCACTAAAG; 5' EPO cDNA primer, CTCATCTGTGACAGCCGAGTC; 3' EPO, CTCCATCCTCTTCCAGGCATAG; GNB2 5' coding region primer (GB21.1), GGAAGCTCATCATCTCTGGGAC; GNB2 5' reverse primer (GB21.2), GGAGCAGATGTTGTC-CAACC; GNB2 3' noncoding region primer (GB2.1), AA-GATCTGGAACTAATGGCC; GNB2 3' reverse primer (GB2.2), CCTCCGGCCCTCCAGAGGGG. PCRs were conducted using a Perkin-Elmer/Cetus PCR kit and a PerkinElmer thermocycler. The conditions for all PCRs involved a 1-min denaturation at 94°C, annealing for 1 min, and extension for 1 min at 72°C. The annealing conditions for primers were for lOF/lOR, 55°C; for T3/T7, 3TC; for 5' EPO/3' EPO, 57°C; for GB21.1/GB21.2, 55°C; and for GB2.1/GB2.2, 55°C. Reactions were continued for 30 cycles.
Cloning the PCR Products. PCR products were digested with proteinase K for 1 hr at 50°C, phenol/chloroformextracted, ethanol-precipitated, and digested with EcoPJ.
DNAs were gel-purified onto NA45 membranes, eluted, precipitated, resuspended, and cloned into the EcoRI site of AZAPII (Stratagene) .
Screening with Radiolabeled YAC DNA. The purified YAC DNA was radiolabeled using a random-priming kit (Boehringer Mannheim) to a specific activity of5 x 108 cpm/,g and was preblocked with 1 mg of sheared total human DNA (average length, 400 bp) plus 10 ug of pBR322 DNA, and in some hybridizations, 10 jig of sheared total yeast DNA (average length, 400 bp). Cotl DNA (GIBCO/BRL) has also been substituted for total human DNA and used in this preblocking procedure. The DNAs were mixed, boiled for 5 min, quenched in ice water for 5 min, and then prehybridized in 1 ml of hybridization solution for 30 min at 65°C (13, 14) .
Duplicate plaque lifts from the starting and selected libraries were screened at 5-10 ng of radiolabeled probe per ml.
DNA Sequencing. PCR products from cDNA clones were gel-purified using Geneclean II and sequenced using T3 and T7 primers and a Pharmacia DNA sequencing kit. The PCR product from the YAC genomic DNA was sequenced using the 3' noncoding primers (GB2.1 and GB2.2) that are specific to the GNB2 gene.
RESULTS
The Selection Scheme. Fig. 1 shows a diagram of the direct selection scheme. Purified YAC DNA is denatured, immobilized on a solid or filter support, and then hybridized with an entire library of cDNA inserts. cDNA inserts can be either amplified from the vector using vector primers or, after fragmentation, ligated to a linker and subsequently amplified (21) . This type of amplification cassette is indicated by the boxes on the ends of the cDNAs in Fig. 1 . Likewise, a mixture of cDNA libraries or equalized abundance cDNA libraries can be used (22) . Approximately 3-5% of cDNAs contain repetitive elements (23) and these must be blocked or eliminated from the hybridization prior to the selection step. The blocked cDNAs are hybridized to the YAC and specific cDNAs are eluted after post-hybridization washing. The eluted cDNAs are then amplified and can be either cloned using restriction sites in the end linker or used in additional selection cycles (see Discussion).
We have used shorter genomic clones ranging from 20 kb to 40 kb that include the 1L3 and GM-CSF genes on human chromosome 5, as substrates for direct selection. The data from these pilot studies are summarized in Fig.  2A shows a gel electrophoretic comparison of the cDNA inserts from the starting and selected libraries. As expected, the sequence complexity in the selected library was clearly reduced when compared to the starting library. This was not due to preferential reamplification of a subset of the sequences present in the starting library: as shown in Fig. 2B , an additional 30 cycles of amplification slightly reduced the mean length of the starting library but did not result in a pattern similar to that of the selected library. A control hybridization of cDNAs to a "blank" filter resulted in no detectable fragments upon subsequent amplification (data not shown). Likewise, a control elution from a filter that contained the YAC but was not hybridized with the cDNA resulted in no detectable products (data not shown). The strong band at 800 bp in Fig. 2A starting and selected libraries were hybridized with an EPO cDNA. As is summarized in Table 1 , a screen of one million cDNAs from the starting library resulted in the detection of only one EPO cDNA. In comparison, the selected library contained the EPO cDNA at a frequency of 1 in 1000 clones, an enrichment of 1000-fold. An example of this latter hybridization is shown on the right in Fig. 3A in which duplicate EPO positives are indicated on a screen of 5000 recombinant plaques. The low intensity of the detected signals in Fig. 3A is due to the high density of the screen and the use of a low-specific-activity cDNA probe. These positives were purified to homogeneity and subsequently confirmed by the PCR. From this result it appears that the selection system can enrich a positive control cDNA by '1000-fold even when that cDNA is extremely low in abundance in the starting cDNA.
Screening with the YAC. Prior to initiating a direct selection, we assessed whether direct YAC screening could detect the EPO cDNA in the starting fetal kidney cDNA library. Additional sets of plaque lifts made from the same starting library were hybridized with the gel-purified, radiolabeled, and blocked EPO YAC DNA. No duplicate positives were detected in this screen (data not shown) nor was the previously located EPO cDNA clone detected. After the selection and 1000-fold enrichment of the EPO cDNA, we again determined whether the YAC could detect EPO cDNAs within this lower-sequence-complexity library. Fig. 3A shows duplicate plaque lifts of 5000 recombinants from the selected library. The filter on the right was hybridized with the EPO cDNA probe as mentioned above. The filter on the left was hybridized with the EPO YAC that was gel-purified, radiolabeled, and blocked. In this experiment the radiolabeled YAC was blocked with both human DNA and yeast DNA prior to hybridization. In all cases the signals derived with the labeled YAC were low in intensity. Nevertheless, three offive EPO cDNAs that were present on this filter were detected by YAC hybridization on duplicate filters (cf., the left and right filters). This variability in signal detection when using YAC probes is not unusual, as discussed above. In addition to the EPO cDNAs, the YAC also detected several other duplicate positive signals. These are indicated by the large arrows in Fig. 3A . As will be described below, the marked positives were subsequently found to be one cDNA species that is also encoded by the YAC and concomitantly enriched by the direct selection procedure.
Selctio Artifacts. To unequivocally identify positive cDNAs, lower-density platings of the selected library were screened. Duplicate filters from one of these plates are shown in Fig. 3B . These filters were also screened with YAC DNA that was gel-purified, radiolabeled, and blocked. However, this screen differs from that shown above in that this YAC DNA was blocked with human DNA but not blocked with yeast DNA. This has important consequences for signal detection. The clones indicated by the a in Fig. 3B were purified and their DNAs were sequenced. These clones were derived from yeast rRNA or DNA and represent a common contaminant in commercially available cDNA libraries. This is probably a consequence of the use of yeast RNA as carrier during cDNA synthesis and its subsequent conversion to cDNAs. The 800-bp band present in the selected material shown in Fig.2A was subsequently confirmed as a yeast ribosomal contaminant. We have found that this band can be largely eliminated by either blocking the cDNAs with yeast DNA prior to selection or by blocking the YAC DNA prior to hybridization screening.
The blocking of repetitive elements in the cDNA appears to have been successful since the spurious enrichment of cDNAs containing repetitive sequence elements did not appear to constitute a serious problem in this library or in selected cDNA libraries we have constructed from other genomic regions. Only 1% of the selected cDNAs detectably hybridized to radiolabeled total human genomic DNA (data not shown). In contrast, between 3% and 5% of the starting cDNA clones contain repetitive elements (23) .
True Signals. The duplicate positive in Fig. 3B (marked with a large arrow) was not a yeast artifact and did not hybridize with total human DNA. This cDNA clone was purified and the cDNA insert was radiolabeled. This cDNA probe, when hybridized to a Southern blot containing various restriction digests of human genomic DNA, was found to be single copy (data not shown). When this probe was hybridized to the filters shown in Fig. 3 , it was found to comprise 2% of the selected library. The arrows in Fig. 3B indicate where additional copies of this positive cDNA were identified. Three out of six of these are detectable in the YAC hybridization on both filters; one is detectable on one filter but not on the other, and two are not detectable on either filter. This again serves to underscore the weak signals and variable detection sensitivity inherent in screening with large blocked YAC DNAs. Nevertheless, a sufficiently high number of true positives were detectable within the enriched library, such that additional direct selection cycles were not immediately necessary.
The positive cDNA was next hybridized to the starting fetal kidney cDNA library and was found to be present at a frequency of one positive in 100,000 plaques (summarized in Positioning of the GNB2 Gene Relative to EPO. Prior to initiating our direct selections, a library of phage clones had been derived from the purified YAC clone and a long range map of this region had been embarked upon. The localization of GNB2 within this map (Fig. 4) (28, 29) . However, it is unlikely that this gene is within the EPO YAC since a PCR on the YAC with primers specific to various parts of the GNAII gene was negative (data not shown). Some estimate of the number of genes that might be encoded by a 500-kb genomic clone can be gained by considering estimates of total gene number and gene distribution (30) . Based on these rather tenuous calculations, the EPO YAC might be expected to encode 10 or more genes. The selected library described here not only contains a high level of contaminating yeast clones (Mo1o) but also contains at least four human cDNAs, that each comprise between 2% and 4% of the selected-material. It is not yet known whether these are also encoded by the YAC.
It is clear that if a saturation transcription map of a large genomic region is required, then cDNAs from many tissue types will have to be sampled. One approach for sampling from many tissues, would be to employ multiplexing strategies, in which mixtures of cDNA libraries from various sources were "tagged" with different end linkers. In addition, the direct selection scheme is readily amenable to additional cycles of selection and amplification, to further increase the degree of enrichment. We have subjected the selected cDNAs to further cycles of amplification and observed a qualitatively higher level of EPO cDNA enrichment (data-not shown), although the mean size ofthe PCR products decreased. With the refinement of these steps, it may be possible to enrich to a point at which random picking of positive cDNAs is successful, even for the very low abundance cDNAs described in this report.
Three other components of the direct selection scheme are also amenable to further development. The first is the choice of matrix on which to immobilize genomic clones. Our preliminary data indicate that streptavidin-coated beads combined with biotin-labeled YAC DNAs are efficient selection matrice . The second component that could be improved upon is the blocking and/or depletion of highly repetitive elements from genomic clones prior to immobilization or use as hybridization probes. The third component is the choice and construction of cDNA libraries. The depletion of repeats in cDNA libraries and the approximate normalization of cDNA abundance classes (22) are two of the areas that are open to improvement.
The future applications of the direct selection scheme are wide-ranging. We anticipate that when combined with arrayed chromosome-specific genomic DNA libraries, the selection technique could be used for the enrichment of chromosome-specific cDNAs. Combinations of large YAC contigs and multiplexed cDNA libraries should be particularly powerful, allowing for the selection of cDNAs from a number of tissues at once. The development of these types of strategies should lead to insights into gene distribution, the determination of tissue specific transcription maps across large genomic regions, and the rapidisolation of candidate cDNAs for many disease-related genes.
